Retinal images are produced by interactions between a surface's 3D shape, material properties, and surrounding light field. In order to recover the 3D geometry of a surface, the visual system must somehow separate aspects of image structure generated by a surface's shape from structure generated by its material properties or the light field in which it is embedded. Attributing image structure to the wrong physical source would cause the visual system to interpret changes in one physical property (such as reflectance) as changes in another (such as shape). Many previous studies have shown that the visual system does not conflate image structure generated by specular reflectance with 3D shape [1-6], but they did not assess the physical conditions where it would be computationally most difficult to disentangle these different sources of image structure. Here, we show that varying the specular roughness and curvature of surfaces embedded in natural light fields can strongly modulate perceived shape. Despite the complexity of these interactions, we show how an image's gradient structure mediates its interpretation as a specular reflection or a change in 3D shape. Our findings provide a coherent explanation of when and why specular reflections impact perceived shape and reveal how the static surface properties, simplified light fields, and experimental methods used in previous studies may explain their inconsistent results.
Retinal images are produced by interactions between a surface's 3D shape, material properties, and surrounding light field. In order to recover the 3D geometry of a surface, the visual system must somehow separate aspects of image structure generated by a surface's shape from structure generated by its material properties or the light field in which it is embedded. Attributing image structure to the wrong physical source would cause the visual system to interpret changes in one physical property (such as reflectance) as changes in another (such as shape). Many previous studies have shown that the visual system does not conflate image structure generated by specular reflectance with 3D shape [1] [2] [3] [4] [5] [6] , but they did not assess the physical conditions where it would be computationally most difficult to disentangle these different sources of image structure. Here, we show that varying the specular roughness and curvature of surfaces embedded in natural light fields can strongly modulate perceived shape. Despite the complexity of these interactions, we show how an image's gradient structure mediates its interpretation as a specular reflection or a change in 3D shape. Our findings provide a coherent explanation of when and why specular reflections impact perceived shape and reveal how the static surface properties, simplified light fields, and experimental methods used in previous studies may explain their inconsistent results.
Results and Discussion
In order to extract a behaviorally stable representation of 3D surface geometry, the visual system must somehow disentangle aspects of image structure produced by shape from other sources of image variation, but the precise physical relationship between 3D shape and image structure varies for different materials. Surfaces characterized by diffuse Lambertian reflectance distribute reflected light uniformly in all directions, which generates smooth shading gradients that depend primarily on interactions between the surface geometry and the locations of surrounding light sources. The majority of work on the computation of 3D surface geometry from monocular images has focused on shape cues exhibited by diffuse surfaces [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , but most natural surfaces also exhibit some degree of specular reflectance. Failure to distinguish specular image structure from diffuse shading could theoretically cause the visual system to conflate changes in material properties with changes in 3D shape, leading to distortions in the perception of shape and/or material properties of a surface.
Under what conditions would the visual system be likely to conflate image structure caused by material properties and shape? A specular surface reflects an image of its environment that is distorted by the surface's 3D shape. When embedded in a highly simplified light field (such as a single light source), a specular surface will generate only a few isolated specular highlights. Previous studies have found that such reflections have little [1, 2] to no effect [3] [4] [5] on monocular perceived shape. However, specular surfaces embedded in realistic light fields generate specular reflections over their entire surface, much like surface shading. Thus, it may be more difficult to disentangle image structure contributed by specular reflections from shading when they are embedded in natural illumination fields. The image structure generated by specular reflections also depends on specular surface roughness, which effectively blurs the reflected image of the natural world in ways that can be similar to shading gradients. However, the amount of blur caused by specular roughness also depends on surface curvature. Whereas specular roughness causes image blur by scattering incoming light directions, highly curved specular surfaces compress incoming light directions into smaller image regions [17] , effectively counteracting the blurring effects of specular roughness. More highly curved specular surfaces therefore require a higher amount of specular roughness to generate image gradients that have a similar sharpness to those generated by less-curved surfaces. This suggests that surface curvature should modulate the impact of specular roughness on the formation of image gradients, which in turn should determine when variations in specular roughness are likely to influence perceived 3D shape.
An informal test of this hypothesis is presented in the two sequences of surfaces depicted in Figure 1 . The top row of Figure 1 depicts a high-relief bumpy sphere with varying reflectance: a mixture of diffuse Lambertian shading and low-roughness specular reflections (left); Lambertian shading and moderate-roughness specular reflections (center); and Lambertian shading only (right). The bottom row depicts a low-relief surface created by compressing the high-relief sphere along the observer's line of sight, which has the same reflectance and roughness as the surface immediately above it. Side views of these two surfaces are depicted in the rightmost panel. There are two striking perceptual effects evident in these two sequences. First, the perceived gloss of the compressed sphere (bottom row) appears to decrease much more rapidly than the uncompressed sphere above it. The increase in specular roughness more rapidly blurs the specular structure generated by the low surface curvature than the high-curvature surface, causing the more highly curved surface in the top row to appear glossier than the bottom row. This effect is consistent with previous studies that have shown that the visual system uses the sharpness of specular structure to infer surface gloss [18, 19] . The second perceptual consequence of increasing specular roughness involves the perceived 3D shape of the bottom row, which appears to vary as a function of its physical reflectance. All of the shapes within each row of Figure 1 are physically identical, but the surface in the bottom row appears to change shape as a function of specular roughness. In contrast, the shape of the more strongly curved surface in the top row remains relatively unaffected by changes in roughness, and (comparatively subtle) shape changes only become apparent between the specular and purely Lambertian materials. Here, we focus on how interactions between the curvature and reflectance properties of surfaces modulate their perceived shape.
In order to quantitatively assess the interaction between specular reflectance, surface curvature, and perceived shape, we created an array of deformed planar surfaces by adding pseudorandom ''dents'' to a plane (Figure 2 ). The contours surrounding each dent therefore correspond to a discontinuity in the derivative in surface orientation that adjoins the dent to the perturbed plane (similar to a level cut). The local curvature of each dent was varied by modulating their relief height. The surfaces were embedded in a light field captured from a natural outdoor scene, and the amount of specular roughness and surface curvature were parametrically varied by modulating a specular distribution parameter and 3D relief, respectively (see the Experimental Procedures). Variations in global contrast produced by these manipulations were reduced by normalizing the intensity range of each image. The original prenormalization renders are depicted in Figure S2 . Each row in Figure 2 depicts surfaces with identical surface geometry, which increases in global relief height (and hence dent curvature) from top to bottom. The first five columns depict surface reflectance functions with both shading and specular reflections. Specular roughness increases from left to right, which visibly increases the amount of reflection blur. The column on the far right depicts surfaces with Lambertian shading only. A schematic of each reflectance function is depicted above each column; the dark gray arrow represents an incoming light ray and the light gray distribution represents the proportion of light reflected in each direction by the surface. The circular parts of these distributions depict diffuse (Lambertian) reflectance, whereas the direction-specific lobes (bumps on the right-hand side of the figures) depict specular reflectance. This lobe becomes shorter and wider as specular roughness is increased. Note that the perceived surface relief appears to become progressively flatter as specular roughness is increased and that the rate of this apparent flattening differs for each level of physical surface relief. The reduced curvature of low-relief surfaces (upper rows) causes the specular image gradients to blur more rapidly as a function of specular roughness than surfaces with greater curvature (lower rows), which modulates where the greatest differences in perceived shape are experienced. This effect is robust to changes in the particular natural light field used to render the surfaces (see Figure S1 for examples of the lowest relief surface rendered in other light fields).
We designed two sets of experiments to quantify how perceived shape is modulated by specular roughness and surface curvature. In order to simplify our shape measurements to a 1D cross-section, we chose a surface region where the surface curvature varied almost exclusively in one direction in the image (here, horizontally). In experiment 1a, observers were shown a selection of six surfaces (outlined in black in Figure 2 ) and adjusted gauge figure probes to match the perceived surface normals at 20 points that traversed a surface ridge (see the Experimental Procedures and the white line in Figure 3C ). The curvature of this ridge varied as a function of parametric surface relief. Numerous studies have found the gauge figure task to be a reliable and intuitive measure of perceived shape [2, 5, 6, 20, 21] ; a screenshot from the task is depicted in Figure 3B . Gauge figure settings were then integrated to reconstruct profiles of perceived 3D shape along the sampled 1D cross-section (see the Supplemental Information). The average reconstructed shape profiles are shown in Figure 3A . Each graph plots perceived relief height as a function of probe position. The top panel depicts the profiles for the lower relief surface, and the bottom panel depicts the profiles for the higher relief surface. The light gray dotted, dark gray dotted, and black solid curves depict the profiles of the low-roughness specular, moderate-roughness specular, and shading-only The surface in the top row is a bumpy sphere with high relief and high overall curvature. This sphere has been compressed in the bottom row, as shown in the side view in the right panel. The surfaces in the left panel are depicted with a mixture of Lambertian shading and low-roughness specular reflections (left), shading and moderate-roughness specular reflections (center), and shading only (right). Perceived 3D shape changes dramatically as a function of specular reflectance in the bottom row. Apparent changes in both material and shape for the sphere in the top row are much smaller by comparison. See also Figure S1 (available online) for examples of our experimental stimuli rendered in other natural light fields, which demonstrates that the effects reported are not isolated to the particular natural light field used. materials, respectively. The black dotted curves depict the veridical profile of each surface. Within-subjects ANOVAs revealed quantitative distortions in perceived shape produced by interactions between specular blur and surface curvature. At lower relief, a significant difference in perceived shape was only observed between the low-roughness and moderate-roughness specular surfaces (p < 0.005) and between the low-roughness specular and shading-only surfaces (p < 0.001). The reduced curvature of this ridge increases the impact of specular roughness on image blur and causes moderate-roughness reflections to closely resemble the gradients generated by the shading-only surface. At higher relief, significant quantitative shape differences were observed for each pair of reflectance types (all p < 0.001). In experiment 1b, the same observers participated in an identical task for the corresponding surfaces without normalized image contrast (Figure S2) . The pattern of results was identical (see Figure S3 ), indicating that changes in global image contrast alone were not responsible for the differences between materials.
The preceding experiment reveals that quantitative changes in perceived shape can be elicited by varying specular reflectance properties and that the magnitude of this effect varies as a function of surface curvature. More specular roughness is required to abolish the formation of specular image gradients that run along directions of high curvature than low curvature due to the compression of specular image structure generated by high-curvature surface regions [17] . If these differences in image structure are responsible for differences in perceived shape, then it implies that a different amount of specular roughness is needed to induce changes in perceived shape for surfaces with different amounts of surface curvature. Specifically, this analysis predicts that the amount of specular roughness required to induce a change in the perceived 3D shape of a fixed surface geometry should increase monotonically as a function of surface curvature (relief). In the context of our stimuli depicted in Figure 2 , this analysis predicts that the pair of adjacent surfaces that exhibits the largest difference in perceived shape should progressively shift toward greater amounts of specular roughness (i.e., toward the right) as surface relief is increased (i.e., from the top row to the bottom row). To assess this prediction, observers in experiment 2a were shown two pairs of specular surfaces from Figure 2 and indicated which pair appeared most different in 3D shape. Each pair of surfaces had physically identical surface relief and differed only by one step in parametric specular roughness (see the Experimental Procedures). The same task was used in experiment 2b using the stimuli without normalized image contrast ( Figure S2 ). The results of experiment 2a are depicted in the left column of Figure 4C . The vertical axis represents the percentage of trials in which each pair of surfaces was selected as appearing most different in shape. Each row shows a different surface relief level, and each shade depicts a particular step in roughness. The data reveal that the change in specular roughness that produces the largest change in perceived shape depends on the level of surface relief. A small amount of roughness has the largest effect on perceived Figure 
Stimuli Used in Our Experiments
Stimuli for the experiments presented. Each row depicts surfaces with a different level of physical surface relief, increasing from top to bottom. The crosssection schematics on the left demonstrate how the curvature of the central ridge changes as surface relief increases. The first five columns show surfaces with both Lambertian shading and specular reflections, with specular roughness increasing from left to right. The sixth column shows surfaces with shading only. The schematic above each column depicts these reflectance functions, comprising a circular diffuse Lambertian distribution and a direction-specific specular lobe that widens as specular roughness is increased. In order to control for the effects of global image contrast, the intensity range of each image has been normalized. Note the differences in perceived 3D shape that occur within each row as a function of surface reflectance. The six surfaces used in experiment 1a are outlined in black. See also Figure S2 for globally tone-mapped versions of these images (used in experiments 1b and 2b).
shape at the lower relief levels, but this peak shifts toward larger amounts of roughness as surface relief increases. The same pattern of results was observed in experiment 2b, which indicates that differences in image contrast cannot account for these effects (see Figure S4) .
The preceding results reveal that the effects of specular roughness on perceived shape vary systematically as a function of surface curvature. This can be experienced directly in Figure 2 . The largest differences in perceived shape within each row (i.e., as a function of specular roughness) occur when the central ridge transitions from appearing sharp and protrusive to smoother and flatter, which appears to correspond to where specular roughness induces the largest differences in the gradient structure across this ridge. If this hypothesis is correct, it suggests that it should be possible to predict the order of observers' shape difference judgments in experiment 2a by computing the difference between the luminance gradients in each pair of images tested; the image pair with the largest difference in gradient structure should induce the largest change in 3D shape. To test this hypothesis, we approximated the first derivative of image intensity along the contours sampled in experiment 1a (see the Supplemental Experimental Procedures). In order to eliminate pixel noise and diminish the influence of the high-frequency edges of specular reflections generated at low degrees of specular roughness, all 20 specular surfaces were first filtered using a small amount of Gaussian blur. This small amount of blur does not impact how shape appears to change within each row (compare Figures 2  and 4A) . The filter had a size and SD of 2.3% and 1.6% of each stimulus's width, respectively (see the Supplemental Information). These blurred images are depicted in Figure 4A , and the corresponding extracted image gradients are shown in Figure 4B . The opposing effects of surface curvature and specular roughness on gradient structure are clearly visible in this array: increasing specular roughness (i.e., moving to the right within each row) stretches the gradients outward by blurring the image, but the rate of this effect is lessened as surface relief increases (i.e., moving down the rows). Note that the largest changes in perceived shape in Figure 4A correspond to the pairs of derivative functions that exhibit the largest differences. This can be shown by calculating the difference between each pair of derivative functions and then comparing the maximum amplitudes of the resulting difference functions to the data from experiment 2a. These amplitudes are depicted in the right column of Figure 4C and closely match the ordering of perceived differences in shape as a function of changing specular roughness for each surface relief level, as well as the overall pattern of results.
The stimuli and experiments presented herein demonstrate that changes in the reflectance properties of specular surfaces can impact our perception of 3D shape. Previous work has established a set of image cues that predict when variations in shape are likely to modulate perceived gloss [18, 19] , but the effects of surface reflectance on perceived shape have previously been found to be relatively minor or nonexistent [1] [2] [3] [4] [5] [6] . We find that the modulatory effects of specular reflectance on perceived shape occur for surfaces embedded in natural light fields that contain some degree of specular roughness. These conditions make it particularly difficult to disentangle the contributions of specular reflections from shading gradients. Natural light fields cover specular surfaces with images of the light field, and the image blur induced by specular roughness ''blends'' the image gradients generated by specular reflections into image gradients generated by diffuse surface shading. The modulatory effects of specular reflectance on perceived shape can be understood as a computational failure in separating these distinct sources of image structure. However, the modulatory effect of specular roughness on image blur-and hence shape-also depends on the local curvature of surfaces. Highly curved surface regions generate more compressed specular reflections and therefore require greater values of specular roughness before the image gradients they generate converge with the gradients generated by actual surface shading.
A growing body of work has revealed that our visual perception of a variety of surface properties can be affected by physically independent sources of image structure [18, 19, [22] [23] [24] [25] [26] [27] . Our impressions of shape, material, and illumination are modulated by the particular way that image structure is affected by the interaction between these different sources of image variability. The phenomena and experiments reported above reveal that the perceptual conflation of specular reflectance with 3D shape can be understood by considering the generative constraints that cause specular reflections to create image structure similar to that generated by surface shading. Our results offer a general approach for using generative models to predict when one source of image structure is most likely to be perceptually conflated with a physically independent source of structure. This analysis begins by considering the kind of image structure that is typically generated by one source (such as surface shading) and proceeds by considering the generative conditions that could cause a distinct physical source (such as specular reflections) to produce similar image structure. Whereas a large body of Figure 3C ). The steps in specular roughness that have the largest effect on perceived shape within each row also have the largest impact on this gradient structure. (C) Results from experiment 2a (left column) compared to the amplitudes of difference functions calculated for pair of adjacent derivative plots in (B; right column). Each row represents a different level of surface relief, and each shade represents a different step in specular roughness. In the left column, the vertical axis depicts the percentage of trials in which each pair was selected as appearing most different in shape. Error bars represent 61 SEM. In the right column, the vertical axis denotes maximum peak-to-trough amplitude in units of luminance change per pixel (see the Supplemental Information). These amplitudes closely predict the ordering of perceived differences in shape as a function-of-roughness step for each level of relief. See also Figure S4 for the raw calculated difference functions and the results from experiment 2b. empirical and theoretical work has been devoted to understanding perceptual constancies-i.e., the ability of the visual system to effectively discount variations in the input to recover an invariant property of the world-the approach exploited presently provides a method for predicting constancy failures, which in turn can provide insight into the image properties that are used by the visual system to derive scene attributes.
Experimental Procedures
Surfaces were created in Blender 2.65 by deforming the shape of a 20 cm square plane according to a distorted noise texture. The maximum relief height of this deformed surface was scaled differently for each relief level: 0.1 cm; 0.2 cm; 0.4 cm; or 0.8 cm. Each surface was rendered with six reflectance functions: purely diffuse Lambertian light gray reflectance and five mixed reflectance functions combining this diffuse reflectance with a specular component varying in a specular roughness parameter. The surfaces were rendered in a natural light field (''Meadow Trail'') from a perspective viewpoint 60 cm above the surface. The resulting 32-bit images were simultaneously tone mapped into greyscale 8-bit images ( Figure S2 ) and then individually had their intensity range normalized to reduce differences in global image contrast (Figure 2) . In experiments 1a and 1b, observers adjusted gauge figure orientation probes at 20 points along an image contour for six images from Figures 2 and S2, respectively, with three repeats each. These orientation settings were averaged and integrated to reconstruct profiles of perceived shape for each observer, which were compared using within-subject ANOVAs. In order to create the mean profiles depicted in Figures 3A and S3 , between-subject variation in overall perceived relief height was discounted by normalizing relief height scale across observers. In experiments 2a and 2b, observers were shown two pairs of specular surfaces from Figures 2 and S2 , respectively, and selected the pair that appeared to show the largest change in 3D shape. The surfaces within each pair had identical relief and differed by one step in specular blur. Methods are described in more detail in the Supplemental Experimental Procedures. Observers were recruited with the approval of the University of Sydney's Human Research Ethics Committee.
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Supplemental Information includes Supplemental Experimental Procedures and four figures and can be found with this article online at http://dx.doi.org/ 10.1016/j.cub.2014.09.074.
